Purpose BRCA2 rearrangements are rare genetic events. A large BRCA2 genomic insertion was recurrently observed in our participants, and we sought to characterize it at the molecular and phenotypic level.
INTRODUCTION
Genomic rearrangements, or the wholesale movement of sequences from one position to another in genomic DNA, 1 correspond to 8% to 40% of all mutations in the BRCA1 gene, 2 but only seven rearrangements have been described in BRCA2-positive families. [2] [3] [4] [5] [6] [7] These include large deletions, 3, 4 duplications, 4 deletions/insertions, 5 and Alu insertions. 6, 7 Rarity of BRCA2 rearrangements may be a result of the fact that sensitive assays for rearrangement detection have only recently been added to the routine molecular diagnosis of breast/ovarian cancer predisposition. 8, 9 Furthermore, it has been reported that families negative for BRCA2 rearrangements were breast/ovarian cancer families or female breast cancer-only families. Male breast cancer families, which are mainly associated with BRCA2 mutations, could have a higher frequency of rearrangements in this gene. 2 In fact, three of the described BRCA2 rearrangements were observed in male breast cancer families negative for BRCA1/2 point mutations. 4 Although no founder effect has yet been described for BRCA2 rearrangements, BRCA1 genomic deletions have been found to represent major founder mutations in the Dutch population. 10 Founder mutations are identified only in specific countries or ethnic groups, suggesting that they have spread from a single ancestor. Founder BRCA1/2 mutations have been described in the Ashkenazi Jewish population 11 and in other countries such as Finland, the Netherlands, Norway, Russia, Latvia, 12 and Spain. 13 Identification of founder mutations and their ethnic and geographic origins allows a more rational and faster approach to mutational screening and genetic counseling in defined subpopulations because BRCA1/2 are large genes (each one spanning Ͼ 100 kb of genomic DNA) and do not have hot spots. Unless a fast screening possibility exists, full screening of all the exonic and exon-intron boundary sequences is necessary, which makes this diagnosis expensive and time consuming.
14 The spectrum of BRCA1/2 mutations in Portugal includes few recurrent mutations, probably because the Portuguese genetic background is heterogeneous. In fact, peoples of different origins invaded the Iberian Peninsula, and Portuguese sailors and emigrants have been in contact with several peoples, in all continents, since the 15th century.
During full gene BRCA1/2 screening of high-risk breast/ovarian cancer families, a large insertion in exon 3 of BRCA2 was recurrently observed. Characterization of this event revealed an Alu insertion in nucleotide c.156_157 of BRCA2, which was previously observed in a Portuguese family. 7 Because this large insertion was likely to represent a founder mutation, we optimized a three-step polymerase chain reaction (PCR) method to screen all new families ascertained in our clinic for BRCA1/2 genetic testing, and the founder effect hypothesis was further explored by haplotype analysis. Phenotypic characterization of positive families was carried out.
PATIENTS AND METHODS

Participants
Selection criteria for full BRCA1/2 screening were 25% of BRCA1/2 combined probability of a mutation, 15, 16 family history of male breast cancer, or diagnosis of breast cancer at less than 30 years of age. Pedigrees included at least three family generations, and all patients underwent genetic counseling and signed an informed consent form, according to procedures approved by the ethics committee of our institute. In patients found to be positive for the most frequent BRCA2 mutation, permission was obtained to disclose the results to relatives at risk and invite them for genetic screening and for haplotype analysis with polymorphic BRCA2-linked markers.
The initial group of 53 patients reported in this study was the first to be analyzed for BRCA1/2 mutations in the context of a multidisciplinary group, and counseling occurred between July 2000 and July 2002. After complete BRCA1/2 screening and clarification of recurrent mutations of the first group, all consecutive index nonrelated patients counseled between September 2002 and March 2006 (a total of 157 patients) were prescreened for the two recurrent mutations observed. All samples from patients negative for the recurrent mutations were later included in the general BRCA1/2 mutation analysis.
General Mutation Analysis
DNA was extracted from whole blood using the Puregene Genomic DNA purification kit (Gentra System, Minneapolis, MN). DNA was amplified by PCR using primers 17 specific for the coding sequence and exonintron boundaries of BRCA1/2. Mutation screening was performed by conformation-sensitive gel electrophoresis (CSGE).
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Samples negative for BRCA1/2 mutations were tested for BRCA1 rearrangements using the multiplex ligation-dependent probe amplification assay (MRCHolland, Amsterdam, the Netherlands), following the manufacturer's protocol. Amplification products were analyzed with an ABI Prism 310 automatic sequencer using the Genescan software (Applied Biosystems, Foster City, CA).
Identification of the c.156_157insAlu Recurrent Mutation in Exon 3 of BRCA2
DNA analysis. The Alu insertion in exon 3 (c.156_157insAlu) of BRCA2 was identified by PCR with the following primers: 3F: 5Ј-GATCTTTAA CTGTTCTGGGTCACA-3Ј and 3R: 5Ј-CCCAGCATGACACAATTAATGA-3Ј. The PCR product was visualized by agarose gel electrophoresis, and the expected 425-base pair (bp) DNA fragment and an extra approximately 800-bp fragment were identified in positive patients.
To specifically amplify the allele with the c.156_157insAlu mutation, we performed a first PCR with primers 3F and 3R, followed by a nested PCR with the following primers: 3AluF: 5ЈCGGATCACGAGGTCAGGA-3Ј; and 3AluR: 5Ј-GGTTTGGTTCGTAATTGTTGTTT-3Ј. Primer 3AluF was designed to recognize a sequence in the Alu insertion, and primer 3AluR binds to exon 3. The nested PCR product (approximately 300 bp) was analyzed by agarose gel electrophoresis and detected only in the DNA of patients with the Alu insertion. PCR conditions are available upon request.
RNA analysis. Total RNA was extracted from peripheral-blood leukocytes using TRIzol reagent (Invitrogen, Paisley, United Kingdom) according to the manufacturer's protocol. cDNA was synthesized using random primers (Roche, Mannheim, Germany) and Superscript II reverse transcriptase (Invitrogen) according to the manufacturers' protocols. Primers (1FcDNA and 10RcDNA) 3 were used to amplify the BRCA2 coding region from exon 1 through exon 10. 
‫ء‬
Family phenotype was classified as heterogeneous if no more than two cases of breast cancers were observed and other cancers known to be associated with BRCA2 were present, such as gastric cancers, multiple myeloma, and melanoma.
Purification and sequencing analysis. PCR products were isolated and purified using QIAquick Gel extraction kit (Qiagen, Hilden, Germany). DNA sequencing was performed using the same primers for PCR and the Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) in an automated sequencer ABI Prism 310 (Applied Biosystems).
Screening of BRCA2 c.156_157insAlu
A routine three-step PCR procedure was optimized. The three steps were as follows: (1) PCR with primers 3F/3R; (2) nested PCR with primers 3AluF/ 3AluR; and (3) reverse transcriptase (RT) PCR and cDNA sequencing. RT-PCR was performed only for patients with the extra DNA fragment observed in step 1 and the fragment resulting from the nested PCR.
Haplotype Analysis
Index cases and relatives were genotyped with microsatellite polymorphic markers flanking the BRCA2 gene. As controls, thirty unrelated Portuguese individuals (from different areas of the country) were also genotyped, and allele frequencies were estimated.
The nine microsatellite markers used were localized in a 5.36-cM (2.9-Mb) region encompassing BRCA2 (locus order: cen-D13S1246-D13S1229-D13S260-D13S1699-D13S1698-D13S1701-D13S171-D13S1695-D13S1493-tel) on chromosome 13q12.3-13q13.2.
19,20 Fluorescently labeled primers were used to amplify the microsatellite polymorphic regions (PCR conditions are available upon request). PCR products were analyzed in an automated sequencer ABI Prism 310 using the 310 Genescan 3.1.2 software (Applied Biosystems). Allele sizes are given as the size of the PCR amplicons containing the microsatellites. One internal BRCA2 polymorphism (H372N) was also screened through direct sequencing.
Estimation of Founder Mutation Age
The age of the c.156_157insAlu mutation in generations (G) was calculated using the following equation: G ϭ log␦/log(1 -). The linkage disequilibrium measure (␦) between the mutation and each of the closest recombinant microsatellite markers, D13S1698 and D13S1701, was calculated as ␦ ϭ (Pd -Pn)/(1 -Pn), with Pd being the frequency of the ancestral microsatellite allele among the chromosomes carrying the mutated BRCA2 and Pn being the frequency of that microsatellite allele on chromosomes not carrying the mutation. The symbol represents the recombination fraction between a marker and the gene. 21 The genetic distances were inferred from the GDB 20 and Ensembl databases.
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RESULTS
Probands
Characteristics of all probands submitted to genetic screening are listed in Table 1 . In the first group, five different BRCA1 and 11 BRCA2 mutations were diagnosed in 19 of 53 patients, corresponding to a 35.9% detection rate. The following two BRCA2 mutations were recurrent: c.156_157insAlu (three nonrelated families) and c.7208_7211del4 (two nonrelated families; Table 2 ). The second mutation was only detected after CSGE analysis, but c.156_157insAlu was immediately identified by agarose gel electrophoresis (Fig 1) . The 157 additional consecutive families were then screened for the recurring mutations observed in the first set.
Identification of the BRCA2 c.156_157insAlu Recurrent Mutation
In probands with the c.156_157insAlu BRCA2 mutation, PCR amplification of exon 3 originated, besides the expected 425-bp product, an aberrant fragment with approximately 800 (Fig 1A) . Sequencing of this fragment with primers 3F and 3R ( Figs 1B and 1C ) revealed an unknown sequence starting in nucleotide 156 of BRCA2 cDNA. Primers 3AluF and 3AluR were designed to sequence the whole fragment that, after a Basic Local Alignment Search Tool search, 24 revealed an Alu motif insertion, 25,26 subtype Ya5. Amplification of cDNAs from two c.156_157insAlu-positive probands with primers 1FcDNA and 10RcDNA revealed the expected 1,300-bp product and an abnormal 1,100-bp band ( Fig  1D) . Sequencing of this abnormal 1,100-bp product revealed the in frame deletion of exon 3, which resulted in the fusion of exon 2 with exon 4 (Fig 1E) . Exon 3 of BRCA2 encodes a transcriptional activation domain, 27 and its relevance in the tumor suppression function of BRCA2 has been previously described. 
Screening for the BRCA2 c.156_157insAlu Mutation
One hundred fifty-seven consecutive nonrelated high-risk individuals were screened for BRCA2 c.156_157insAlu, which was observed in 14 additional individuals (one of whom was a woman with breast cancer who belonged to the family described by Teugels et al 7 ) . The three-step PCR procedure described was used for this screening.
Considering the three of 53 c.156_157insAlu-positive families initially observed and these additional 14 families (of 157), 8% of all families tested were positive for the BRCA2 rearrangement. The following four different phenotypes could be distinguished: female breast (nine families, 53%), male breast (four families, 24%), breast/ovarian (two families, 12%) and heterogeneous (two families, 12%). These latter families had no more than two female breast cancers and no ovarian or male breast cancer, but other neoplasias like gastric cancer (two members in family 108), head and neck cancer (one member in family 108 and two members in family 129), and multiple myeloma (one member in family 108) were observed. Examples of representative phenotypes are shown in Figure 2 , and phenotypic characteristics of all index patients and their families are shown in Appendix Figure A1 (online only).
Phenotypes of c.156_157insAlu-positive and -negative families are listed in Table 3 . Among the 210 families, 28 had male breast cancer, and 12 were diagnosed with a BRCA2 mutation (four families were positive for the c.156_157insAlu mutation, two were positive for the c.9098_9099insA mutation, and the remaining six families showed six different BRCA2 mutations: c.1423GϾT; c.1786GϾC; c.2808_2811del4; c.5063_5066del4; c.6468_6469del2; and c.7208_7211del4). These data demonstrate that 33% of all male breast cancer families with a BRCA mutation identified are c.156_157insAlu positive.
Haplotype Analysis and Estimation of Mutation Age
Most of the families positive for the c.156_157insAlu mutation come from Central Portugal (Appendix Fig A2, online  only) , and haplotype analysis was performed in 37 individuals (14 index patients and 23 of their relatives). The results of c.156_157insAlu screening in relatives of representative families are shown in Figure 2 .
We observed a conserved haplotype cosegregating with the mutation (Table 4 ) and absent in noncarriers of these families (Fig 2) . Encompassing BRCA2, it represents a 1.09-Mb interval from D13S260 to D13S1695, and its random population frequency is approximately one in 8,600. In two of 14 families, recombination events, either centromeric (marker D13S1698) or telomeric (marker D13S1701) to BRCA2, reduced the shared haplotype region to 0.63 Mb and 0.54 Mb, respectively ( Table 4) . Demonstration of a shared haplotype between all c.156_157insAlu families provides evidence for a common ancestry among these families.
The linkage disequilibrium measures (␦) between the BRCA2 c.156_157insAlu mutation and each of the recombinant microsatellite markers D13S1698 and D13S1701 were calculated as ␦ ϭ 0.7857 and ␦ ϭ 0.8137, respectively. The recombination fraction was determined from the physical distances between markers D13S1698 and D13S1701 and the Exon 3 Alu -poliA 28,29 Given these genetic distances, we estimated that the c.156_157insAlu mutation occurred between 120 and 130 generations ago, that is, approximately 2,400 to 2,600 years ago, assuming 20 years per generation.
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DISCUSSION
In this study, we demonstrate that the insertion of an Alu fragment in position 156 of BRCA2 cDNA is a founder mutation of Portuguese origin. To date, only seven BRCA2 rearrangements have been detected (including c.156_157insAlu) in unique families.
2-7 Therefore, besides the relevant implications in the genetic screening of breast/ovarian cancer families of Portuguese ancestry, our finding demonstrates that the c.156_157insAlu mutation is the most frequent BRCA2 rearrangement described to date.
In our target population, including all of South Portugal, c.156_157insAlu has been observed in 8% of screened families, and taking into account families that have already been fully screened for BRCA1/2, it corresponds, approximately, to one in every six BRCA1/2 mutations identified. It is interesting to note that, in our families most extensively studied, not only was this rearrangement the most frequent genetic event observed, but also other rearrangements were diagnosed in negative families by CSGE. This observation reinforces /ovarian cancer  2  12  25  13  27  13  Male breast cancer  4  23  24  12  28  13  Heterogeneous  2  12  17  9  19  9  Ovarian cancer  0  0  2  1  2  1  Total  17  100  193  100  210  100 Screening for BRCA2 Rearrangement www.jco.orgthe need to search for rearrangements in high-risk families negative for point mutations.
The contribution of Alu insertions as disease-causing mutations in humans has been estimated as approximately one mutation in 600. 30 Before the c.156_157insAlu mutation, which was first reported in one family of Portuguese origin, 7 only one BRCA1/2 Alu insertion was described. 6 Our initial finding of c.156_157insAlu in three of 53 families raised the hypothesis of a founder effect in our population, and we implemented the prescreen of all high-risk consecutive families ascertained in our clinic for this mutation. Although the first description of this mutation, in a Portuguese family, was obtained by Southern blotting 7 after negative PCR-based screening, we optimized a three-step PCR for a quick and effective way to screen and confirm the presence of this rearrangement. A simple PCR reaction is enough to detect a positive individual. The Alu fragment is sequenced, and the pathogenic effect of the mutation (exon 3 skipping) is confirmed by RT-PCR. The clinical relevance of this strategy is that 8% of our families obtain a quick and less expensive result, without the need to wait for full screening. All c.156_157insAlu-negative families must be fully screened for BRCA1/2 genes.
Using the three-step PCR, 157 consecutive families were screened for the c.156_157insAlu mutation, and an additional 14 nonrelated positive families were observed. Fifteen of these families came from the central part of Portugal, further supporting the possibility of a common ancestor. This hypothesis was confirmed through the observation of a conserved haplotype surrounding the BRCA2 locus that was found to segregate with the mutation in 12 of 14 index patients. In the remaining two families, recombination events reduced the shared haplotype region.
Estimation of the age of the mutation suggested that the founder event occurred 2,400 to 2,600 years ago, that is, before the invasion of the Iberian Peninsula by the Romans and the Germanic warriors. At that time, the Lusitanians 31 inhabited the territory that now includes the districts of origin of most of these families. All migrations that involved Portuguese people in the following centuries were all outward of this territory, either to the western part of the country or abroad. This may explain the higher prevalence of the c.156_157insAlu mutation in that area and also allows us to speculate that the two families from the north were also originated from the same founder. This historical hypothesis is still acceptable even if the age of the mutation is being overestimated, either because of the fact that mutation rates of the microsatellite markers were not taken into account or because recombination events in two families were considered.
Breast and prostate cancer were the malignancies most frequently observed in c.156_157insAlu families, and the most frequent phenotype was female breast cancer, with a mean age at diagnosis of 48 years. Four male breast cancer families were also registered, and it is remarkable that 33% of all our male breast cancer families with BRCA2 mutations harbor the founder mutation. This may reflect a particular phenotype associated to this mutation, or it may be the result of the high frequency of this genetic event in our BRCA2 families.
Prostate cancer was the most frequent cancer diagnosis in men belonging to c.156_157insAlu families. Two of the male breast cancer probands had also been diagnosed with prostate cancer, and three of the eight prostate cancer patients registered were observed in only one family, with a mean age at diagnosis of 65 years (family 24). The association of BRCA2 mutations with prostate cancer is well known, 32,33 not only in relatives of women with breast and ovarian cancer, but also in men unselected for family history but with early-onset disease. 34 The clustering of early-onset prostate cancer in families may be a result not only of the BRCA2 mutation described but also of unknown modifier factors that may affect its penetrance in men.
Two families had heterogeneous phenotypes, with only two cases of breast cancers each but with two cases of head and neck and gastric cancers in one of the families and a case of multiple myeloma and head and neck cancer in the other family. Because the probands included in this study were the only affected patients alive, we cannot conclude that all of these tumors are related to the mutation, even though gastric cancer 35 and multiple myeloma 36 have been associated with BRCA2. Only two women were diagnosed with ovarian cancer, although they were diagnosed at an early age (23 and 38 years old). This observation may be explained by the fact that c.156_157insAlu is at the 5Ј region of the BRCA2 gene. 37 Further follow-up of these families will clarify ovarian cancer incidence and age at diagnosis in positive women.
In conclusion, the results of this study suggest that screening of the c.156_157insAlu mutation should be extended to all high-risk breast/ovarian cancer families with Portuguese ancestry. Because most patients were from the central and southern part of the country, we cannot rule out the possibility that this mutation can be found in other regions of the country and also in other areas of the world, where Portuguese sailors, traders, and emigrants have settled since the 15th century to the present. Targeting the initial screening to the founder mutation in these families will clarify the global incidence of this mutation in a fast and inexpensive manner. More importantly, it will help to clarify the risk for several cancers in high-risk individuals and, through vigilance, preventive attitudes, or inclusion in clinical studies, help to modify the incidence and mortality by cancer in these families.
Author's Note. During the revision of this article, the c.156_157insAlu rearrangement was identified in three additional apparently nonrelated families.
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